Results

148
Phenotypic variation and correlation of the F 2 and F 2:3 populations 149 GZ63-4S is a typical photoperiod-and thermo-sensitive genic male sterile line, and 150 shows male sterility in the normal growing seasons in Wuhan. Therefore, the seeds 151 could not be harvested, which abolished comparison of grain size and TGW between 152 the two parents. All the five traits of the F 2 and F 2:3 populations showed continuous 153 variation and followed normal distribution in year 2014 and 2015, respectively (Fig. 154 2). 155 All the four grain size factors were significantly positively correlated with TWG in 156 both years, except for LWR (Table 1) . GL was significantly positively correlated with 157 LWR and GT in both years, while GW was only significantly negatively correlated 158 with LWR in both years. The three highest correlation coefficients were observed 159 between GW and TGW in year 2014, GL in two years, and GW and LWR in year Ten QTLs for GL were detected in two populations and distributed on seven 165 chromosomes, with phenotypic variation explained by each QTL ranging from 2.58% 166 to 25.39% (Table 2, Fig.3 ). Among those, the beneficial alleles of qGL3, qGL4.1 and 167 qGL4.2 were from GZ63-4S, while that of others were from Dodda. Two QTLs, 168 qGL3 and qGL6 were repeatedly detected, and explained 2.58% and 13.71% of the 169 variation in the F 2 population, and 8.12% and 7.41% of the variation in the F 2:3 170 population, respectively. The remaining QTLs were detected only in the F 2:3 171 population, excluding qGL4.1.
172
GW 173
Five QTLs were detected for GW in the F 2:3 population, while none in the F 2 174 population ( Table 2, Fig.3 ). Among those, the beneficial alleles of two were from 175 GZ63-4S, while that of the other three were from Dodda.
176
LWR
Five QTLs for LWR were identified in the two populations, and distributed on four 178 chromosomes ( Table 2, Fig.3 ). Among those, two QTLs, qLWR3 and qLWR9, were 179 repeatedly detected, and displayed nearly the same values of additive effect in 180 opposite direction. The remaining were minor QTLs accounting for less than 6% of 181 the variation and were detected only in one population.
182
GT 183 Seven QTLs were identified for GT in the two populations and were distributed on 184 chromosome 2, 3, 4, 7 and 11 ( were from GZ63-4S, except for that of qGT11. The three QTLs, qGT3, qGT7 and 186 qGT11 were stably detected, and explained 15.16%, 6.60% and 5.83% of the variation 187 in the F 2 population, and 20.98%, 10.25% and 6.24% of the variation in the F 2:3 188 population, respectively. qGT2.1 and qGT2.2 were only detected in the F 2:3 189 population, while qGT7 and qGT11 were only in the F 2 population. 191 Nine QTLs for TGW were detected in the two populations, which were distributed on 192 chromosome 2, 3, 4, 6, 7 and 11 (Table 2, Fig.3 ). Among those, four QTLs, qTGW3, 193 qTGW4, qTGW6.2 and qTGW11, were repeatedly detected, which accounted for 194 0.83%, 15.76%, 6.89% and 20.68% of the variation in the F 2 population, and 3.90%, 195 12.03%, 5.11% and 10.98% of the variation in the F 2:3 population, respectively. The In the BC 1 F 2 population derived from backcrossing some F 2 lines with GZ63-4S, 205 heterozygous regions were screened for QTLs repeatedly detected in both the F 2 and 206 F 2:3 populations or QTLs accounting for more that 10% of variation in one population 207 using flanked markers ( Fig.2 , Table 1 ). Lines carrying heterozygous regions of three 208 QTLs, qGS3, qTGW6.2 and qGT7, were identified respectively, and were self-crossed 209 three times to produce NIL populations for each QTL.
190
TGW
210
In the NIL population of qGS3, significant differences were observed in the average 211 values of GL, GT and TGW among the three genotypes, qGS3 Dodda , qGS3 H and 212 qGS3 (Table 3 ). Compared to NIL (qGS3 Dodda ), NIL (qGS3 GZ63-4S ) showed 213 increased values by 0.21 mm in GL, 0.10 in LWR, 0.07mm in GT and 1.47g in TGW.
214
For qTGW6.2, significant differences were observed in the average values of GL and 215 TGW between qTGW6.2 Dodda and qTGW6.2 GZ63-4S , while no difference between 216 qTGW6.2 H and qTGW6.2 in the NIL population (Table 4 ). Compared to NIL 217 (qTGW6.2 Dodda ), NIL (qTGW6.2 GZ63-4S ) showed decreased values by 0.14 mm in GL 218 and 1.24g in TGW.
219
For qGT7, significant differences were observed in the average values of GT among 220 the three genotypes, qGT7 Dodda , qGT7 H and qGT7 , and in that of TGW between qGT7 Dodda and qGT7 in the NIL population (Table 5 ). Compared to NIL 222 (qGT7 Dodda ), NIL (qGT7 GZ63-4S ) showed increased values by 0.07 mm in GT and 1.27g 223 in TGW. In this study, a total of 37 QTLs were identified for GL, GW, LWR, GT and TGW in 245 the F 2 and F 2:3 populations, and 7 QTL regions were repeatedly detected, of which the 246 additive effects were far less than that of cloned major genes for grain size, such as 247 GS3, GL3.1/qGL3, GW5/GSE5 and GW2 [4, 5, 11, 12, [20] [21] [22] , demonstrating minor 248 QTLs for grain size and weight. Moreover, the number of beneficial alleles was 249 contributed roughly equally by the two parents, indicating that novel minor QTLs 250 could be detected from rice lines that differ little in grain size.
251
Among QTLs detected, qGS3, the pleiotropic QTL for GL, LWR, GT and TGW on 252 chromosome 3, is co-located with OsMADS1, of which a natural allele was reported 253 responsible for GL, GT and TGW in two separate studies [6, 7] . However, the of Koshihikari, respectively [40, 41] . qGT7, the QTL for GT on chromosome 7, is 262 co-located with a region for GL, GW, LWR and GT reported by Liu et al (2015), 263 which contains GL7/GW7, a major gene influencing GL and GW simultaneously [18, 264 19, 42] . As qGT7 has no effect on GL and GW in the NIL background, it is a novel gene different from GL7/GW7. The region of qLWR9 was also detected for LWR only of NILs. In this study, lines carrying heterozygous QTL regions were screened from 272 the BC 1 F 2 population, in case of the loss of target regions in subsequent self-crosses.
273
Then, selected lines were subjected to three rounds of self-crosses, in order to reduce 274 the heterozygosity of non-target regions. The method we preferred ensures that NILs 275 for QTLs of interest are constructed, and eliminates laborious hybridization work.
276
In this study, the NILs of three QTLs, qGS3, qTGW6.2 and qGT7, were constructed, 277 and effects on grain size and TGW were evaluated. The beneficial alleles of qGS3 278 from GZ63-4S could increase the value by 0.21mm in GL, 0.07mm in GT, and 1.47g 279 in TGW in homozygous NILs, which was consistent with the values of additive effect 280 in the F 2 and F 2:3 population on the whole (Table 2, Table 3 ), suggesting that qGS3 is 281 a stable and pleiotropic QTL for GL, GT and TGW. qTGW6.2 was initially detected 282 as a QTL for TGW, but was validated to have effect on both GL and TGW in the NIL 283 population and act in a dominant manner (Table 4 ). The failure in detection of 284 qTGW6.2 on GL in F 2 and F 2:3 population may be attributed to the complexity of 285 genome background and the low variation explained, which further supported the 286 necessity of validation of QTLs using NILs. qGT7 was repeatedly confirmed as a 287 QTL for GT, and had no effect on GL and GW in the F 2 , F 2:3 , and NIL populations 288 (Table2 , Table 5 ). Being one of the four factors of grain size, GT has received less 289 attention, and several cloned genes conditioning GT are responsible for GL and/or 290 GW at the same time, such as GS2, GW8 [17, 44] . Therefore, qGT7 is a good 291 candidate for further research of the molecular mechanism underlying GT. 
